Single nucleotide polymorphism (SNP) rs10911021 at the glutamate-ammonia ligase (GLUL) locus has been associated with an increased risk of coronary heart disease in individuals with type 2 diabetes. The effect of this SNP on mortality was investigated among 1,242 white subjects with type 2 diabetes from the Joslin Kidney Study (JKS) (n = 416) and the Gargano Mortality Study (GMS) (n = 826). During a mean follow-up of 12.8 6 5.8 and 7.5 6 2.2 years, respectively, a total of 215 and 164 deaths were observed in the two studies. In both cohorts, the all-cause mortality rate significantly increased with the number of rs10911021 risk alleles, with allelic hazard ratios (HRs) of 1.32 (95% CI 1.07-1.64, P = 0.01), 1.30 (1.10-1.69, P = 0.04), and 1.32 (1.12-1.55, P = 0.0011), respectively, in the JKS, the GMS, and the two studies combined. These associations were not affected by adjustment for possible confounders. In the JKS, for which data on causes of death were available, the HR for cardiovascular mortality was 1.51 (1.12-2.04, P = 0.0077) as opposed to 1.15 (0.84-1.55, P = 0.39) for mortality from noncardiovascular causes. These findings point to SNP rs10911021 as an independent modulator of mortality in patients with type 2 diabetes and, together with the previous observation, suggest that this results from an effect of this variant on cardiovascular risk.
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Type 2 diabetes (T2D) is one of the leading causes of mortality worldwide (1,2), accounting globally for ;4.5 million deaths yearly (3). This number is expected to further increase because of the global rise of T2D prevalence (3). Thus, a better understanding of mortality risk factors in diabetic patients is urgently needed in order to target patients who are especially at high risk of death with aggressive prevention strategies.
Among diabetic patients, coronary heart disease (CHD), the risk of which is determined by both genetic and nongenetic factors (4) (5) (6) (7) , is the principal cause of mortality (8, 9) . Therefore, one can expect that the genetic determinants of CHD in patients with T2D also act as risk factors of increased mortality among these individuals.
By interrogating the entire genome, we have recently identified a single nucleotide polymorphism (SNP; rs10911021) at the GLUL locus on chromosome 1q25, which is specifically associated with CHD among patients with T2D, with allelic odds ratio of 1.36 (95% CI 1.22-1.51) in diabetic patients compared with 0.99 (95% CI 0.87-1.13) in nondiabetic subjects (10) .
Based on this evidence, we investigated the impact of this genetic risk factor on all-cause mortality among patients with T2D.
RESEARCH DESIGN AND METHODS

Study Cohorts
Joslin Kidney Study in Type 2 Diabetes
This cohort consists of a random sample (n = 516) of T2D patients from the Joslin Clinic enriched with individuals with microalbuminuria and macroalbuminuria, who were recruited between 1993 and 1996 at the Joslin Diabetes Center, Boston, MA, as previously described (11) . The current study was limited to 416 participants who were self-reported whites and for whom DNA samples were still available in 2013. All subjects had diabetes diagnosed after age 25 years according to World Health Organization criteria and were treated with diet or oral agents for at least 2 years after the diagnosis. The survival status of these subjects was updated as of 31 December 2011 by matching with the National Death Index, and causes of death were extracted for deceased cohort members. A death was ascribed to cardiovascular causes if the primary cause of death was ICD-9 codes 401-448.9 or ICD-10 codes I10-I74.9, or if diabetes or renal failure was listed as the primary cause of death and cardiovascular disease was the secondary cause.
Gargano Mortality Study
This cohort includes 1,028 subjects with T2D (defined according to the American Diabetes Association 2003 criteria) who were consecutively recruited from 1 November 2000 to 30 September 2005 at the Endocrine Unit of the Istituto di Ricovero e Cura a Carattere Scientifico "Casa Sollievo della Sofferenza" in San Giovanni Rotondo, Italy, as previously described (12) . The only exclusion criterion was the presence of poor life expectancy due to non-diabetes-related disorders, such as severe infectious illnesses or any type of cancer. The cohort was observed until 2010 by obtaining information on the participants' vital status by direct contact with patients and/or their relatives or by queries to the registry offices of their cities of residence. Such information was available for 826 individuals, whose data were therefore analyzed in the current study.
Data Collection and Definitions
Clinical data were obtained from standardized interviews and examinations. BMI was calculated by dividing weight (in kilograms) by the square of height (in meters). Data concerning diabetes treatment were confirmed by the review of medical records. The glycated hemoglobin (HbA 1c ) level at examination was used as an index of glycemic control. Chronic kidney disease (CKD) was defined as a glomerular filtration rate (GFR) (estimated from the serum creatinine level by the MDRD equation [13] ) ,60 mL/min/1.73 m 2 . In the Joslin Kidney Study in Type 2 Diabetes (JKS), microalbuminuria was defined as a urinary albumin excretion rate between 30 and 299 mg/min, and macroalbuminuria as a urinary albumin excretion rate $300 mg/min. In the Gargano Mortality Study (GMS), microalbuminuria was defined as a urinary albumin creatinine ratio between 2.5 and 29 mg/mmol in females and between 3.5 and 29 mg/mmol in males and macroalbuminuria as an albumin creatinine ratio of $30 mg/mmol.
Ethics
Study protocols and informed consent procedures were approved by the Joslin Committee on Human Studies and the Beth Israel Deaconess Medical Center Committee on Clinical Investigations for the JKS, and by the Istituto di Ricovero e Cura a Carattere Scientifico, Casa Sollievo della Sofferenza Institutional Ethic Committee for the GMS. All participants gave written informed consent.
Genotyping DNA was extracted from whole blood using standard methods. SNP rs10911021 was genotyped by means of a custom TaqMan Assay (Life Technologies, Foster City, CA) at the Joslin Diabetes Center Diabetes and Endocrinology Research Center Genetics Core (for the JKS), and at the Mendel Institute Genetics Core (for the GMS) on 7500 and 7900HT platforms (Applied Biosystems, Foster City, CA), respectively. Genotyping quality was tested by including six blinded duplicate samples in each 384-well assay. The average agreement rate of duplicate samples was .99%. All samples were in Hardy-Weinberg equilibrium.
Statistical Methods
Patients' baseline characteristics are reported as the mean 6 SD and percentages for continuous and categorical variables, respectively.
Survival curves stratified by the rs10911021 genotype were estimated within each cohort by the Kaplan-Meier method. The time variable was defined as the time between the baseline examination and the date of death, or, for subjects who did not die, the date of 31 December 2011 (for the JKS) or of the last clinical follow-up (for the GMS). Mortality rates were estimated as the number of deaths divided by the total number of person-years (py).
The association between rs10911021 genotype and allcause (in the JKS and GMS) or cardiovascular (in the JKS) mortality during follow-up was evaluated by Cox proportional hazard regression analysis. The following three different models were tested: 1) unadjusted; 2) adjusted for age, sex and race; and 3) adjusted for age, sex, race, duration of diabetes, BMI, HbA 1c level, presence of CKD, presence of microalbuminuria/macroalbuminuria, and type of glucose-lowering treatment at baseline. SNP rs10911021 was considered according to an additive model, with the allele previously found to be associated with CHD among diabetic patients (allele "C" [10] coded as the risk allele). Risks were reported as hazard ratios (HRs) along with their 95% CIs. Data were first analyzed by cohort and then in the two cohorts pooled together in an individual patient data meta-analysis (14) (i.e., adjusting for "study cohort") after no genotype-by-cohort interaction was detected. A P value of 0.05 was considered as significant. All analyses were performed using SAS version 9.2.
RESULTS
Characteristics of Study Cohorts
The baseline characteristics of the two study cohorts are shown in Table 1 . Compared with individuals in the GMS, subjects in the JKS included more men, were younger, had received a diagnosis of diabetes at a younger age, had a longer duration of diabetes, had slightly lower BMI and HbA 1c levels, had a higher prevalence of macroalbuminuria, and were more frequently treated with insulin. During an average follow-up period of 12.8 and 7.5 years, 215 (51.7%) and 164 (19.5%) subjects, respectively, died in the JKS and the GMS, corresponding to mortality rates of 40.3 and 26.6 per 1,000 py. Male gender, older age at study entry, higher HbA 1c level, the presence of CKD, the presence of microalbuminuria or macroalbuminuria, and insulin treatment at baseline were all significantly associated with increased mortality (Supplementary Table 1 ). The higher mortality observed in the JKS cohort compared with the GMS cohort was accounted for by the higher proportion of macroalbuminuric subjects in this cohort (data not shown).
rs10911021 and Risk of All-Cause Mortality
In the JKS, the mortality rate during follow-up progressively increased with the number of rs10911021 risk alleles, with individuals carrying two risk alleles dying at a rate twice as high as those carrying none (Table 2 and Fig. 1A) . Although mortality was overall lower in the GMS, a similar relationship was observed in this cohort between mortality rate and the number of rs10911021 risk alleles (Table 2 and Fig. 1B) . The allelic HR for mortality was 1.32 (95% CI 1.07-1.64, P = 0.01) in the JKS and 1.30 (95% CI 1.10-1.69, P = 0.044) in the GMS (Table 3) . The HR slightly increased in the JKS and decreased in the GMS after adjusting for covariates such as sex, age at study entry, race, diabetes duration, BMI, HbA 1c level, CKD, albuminuria, and type of glucose-lowering therapy at baseline (Table 3) . Since the HRs were not significantly different between cohorts (P for SNP-by-cohort interaction = 0.95), the two studies were considered together in an individual data meta-analysis including a total of 1,242 individuals and 375 deaths. The summary HR in this combined analysis was 1.32 for the unadjusted model (95% CI 1.12-1.55, P = 0.0011) and 1.35 for the fully adjusted model (95% CI 1.14-1.60, P = 0.0005) ( Table 3) Continuous variables are reported as the mean 6 SD; categorical variables are reported as total frequencies, with percentages in parentheses. mortality, cardiovascular mortality progressively increased with the number of risk alleles. The allelic HR was 1.51 (95% CI 1.12-2.04, P = 0.0077) in the unadjusted model and 1.72 (95% CI 1.24-2.38, P = 0.0011) in the fully adjusted model (Table 3 ). The corresponding HRs for noncardiovascular mortality were 1.15 (95% CI 0.84-1.55, P = 0.39) and 1.28 (95% CI 0.92-1.79, P = 0.14), respectively.
DISCUSSION
In this study, we assessed the association between the rs1011021 variant at the GLUL locus, which we have previously shown to be a marker of increased CHD risk among diabetic patients (10) , and all-cause mortality. Our data, obtained by analyzing two independent studies, indicate that, among patients with T2D, mortality rates significantly and progressively increase with the increasing number of rs10911021 risk alleles. The fact that the association between rs10911021 and all-cause mortality was observed in both studies, despite several differences in the characteristics of the two cohorts, makes our finding especially convincing. Combining the two cohorts, we found that each rs10911021 risk allele increases the risk of death by 32%. Such association was robust to the adjustment for several possible confounders, arguing in favor of an independent genetic effect. Given the association that we previously reported between rs10911021 and CHD risk among diabetic patients (10) and the major role played by CHD on allcause mortality in T2D (15, 16) , we sought to also explore the effect of rs109110121 on cardiovascular mortality; this was done in one of the two cohorts (the JKS), in which such information was available. The rs10911021 risk allele was independently associated with a 51-72% increase in the risk of cardiovascular death, depending on the model, thereby suggesting that the effect on all-cause mortality is for the most part mediated by an effect on cardiovascular mortality. A strength of our study is the availability of two independent prospective cohorts of T2D patients, which allowed us to replicate the genetic association. Since the two cohorts had different baseline clinical features and were from different geographical regions, it is likely that the effect of this locus on mortality is generalizable to all diabetic patients of European ancestry. On the other hand, it is unknown whether a similar effect is also present among diabetic patients of different ancestries. The JKS included a small proportion of nonwhite subjects, but their number (n = 25 with DNA samples available) was too small for an independent analysis. It is also of note that the magnitude of the HR of rs10911021 for both all-cause and cardiovascular mortality is relatively high compared with those of other SNPs thus far reported to be associated with higher mortality in patients with T2D (17) or in the general population (18, 19) .
Some limitations of our study should be acknowledged. First, although we found that the rs10911021 variant at the GLUL locus is a significant modulator of the risk of death among T2D diabetic patients, the precise mechanisms underlying such modulation are not yet known. Our previous findings (10) have implicated abnormalities of the g-glutamyl cycle in the effect of this variant on CHD, but further studies are needed to prove that this is indeed the causal pathway. Second, since data on causes of death were available for only one of the cohorts, firm conclusions cannot be drawn on this important aspect. Third, the diabetic subjects included in our study had been exposed to diabetes for a certain amount of time (an average of 14 and 11 years, respectively, in the JHS and GMS) and included a relatively high proportion of individuals with microalbuminuria or macroalbuminuria. While we did not observe significant interactions between rs10911021 and diabetes duration or albuminuria, we cannot draw definitive conclusions on whether the association between rs10911021 and mortality can be generalized to diabetic individuals with different clinical characteristics. Finally, our study was limited to diabetic subjects. Because we previously found that the rs10911021 SNP is associated with CHD only among diabetic subjects (10), one may infer that a similar interaction between this locus and diabetes is present with regard to mortality. However, further studies are required to directly prove this hypothesis.
In conclusion, our data point to the SNP rs10911021 as an independent risk factor of all-cause mortality in patients with T2D of European ancestry and, in combination with our previous findings (10), suggest that this risk is mediated by a specific effect on cardiovascular disease.
